Abstract. The abundance of Coleoptera, Diptera and Collembola on different species of fungi was investigated in relation to the size and abundance of fungal resources at different spatial scales; i.e., the size of the fungal fruiting body, the quality of resource in terms of number of conspecific sporophores growing within a radius of 50 cm, crowding of the clumps of fruiting bodies, and the quality of resource within a plot (20 m × 30 m). Multiple linear regression analyses showed that the influential spatial scale varied among the arthropod orders. The amount of resource at the scale of a clump made a significant contribution to the abundance of Coleoptera, and the fruiting body size significantly affected the abundance of Diptera on each fungal species. Collembolan abundance was significantly affected by the crowding of the clumps of fruiting bodies and the number of fruiting bodies per plot. These results suggest that the spatial distribution of fungal fruiting bodies may determine whether they are selected by arthropods visited.
INTRODUCTION
It is reported that the composition and abundance of mycophagous arthropod species differs on different species of fungi (Kimura et al., 1977; Wheeler & Blackwell, 1984; Toda et al., 1999) . This is largely due to differences in the chemical qualities of the host species, but the size of fruit bodies may also affect arthropod abundance. In fact, a number of studies (Worthen et al., 1996 (Worthen et al., , 1998 record a positive correlation between the number of mycophagous insects and the size of the fruiting body of the host. Yamashita & Hijii (2003) compared the abundance of mycophagous insects on different fungi and also observed that the number of mycophagous insects was affected by the size of the fungus.
Distribution pattern or aggregation of fungal resources at various spatial scales may influence the abundance of mycophagous insects on each species of fungus. The effect of resource distribution on organism abundance is often studied in the context of landscape ecology (Turner et al., 2001) . It is suggested that patch quality (e.g., vegetation composition, patch size or resource abundance in patch) and characteristics of the surrounding landscape, including connectivity of the patches, affect the abundance of organisms in a patch (Delettre & Morvan, 2000; Finn & Giller, 2000; Turner et al., 2001; Bonte et al., 2003) . A number of other examples suggesting the importance of landscape can be found in the literature (e.g., Lindenmayer & Nix, 1993; Pearson, 1993; Pearson et al., 1995; Bolger et al,. 1997 ). However, it is rarely considered in studies on the abundance of mycophagous arthropods recorded on different species of fungi, although Worthen (1989) showed that the number of fungi-visiting mycophagous insects increases with host resource density.
The present study aims to evaluate how the abundance of fungal resources at different spatial scales affects how frequently they are visited by Coleoptera, Diptera and Collembola. We expect that these arthropods differ in their ecological characteristics and respond differently to the spatial heterogeneity in resource abundance.
MATERIAL AND METHODS

Study site and methods
Field surveys were conducted in four 20 m × 30 m plots in forest at the foot of Mt Tsukuba (36°13'N, 140°06'W) in central Japan. These plots were at altitudes between 150 and 370 m and were separated from each other by at least 500 m. The forest was dominated by 38-44 year old pine trees (Pinus densiflora Sieb.). The average temperature in this area is 14.4°C and the annual precipitation was 1383 mm in 2000 (data from the Japanese Meteorological Agency).
Fruiting bodies of fungi may grow either solitarily or gregariously. In this study, "clumps" were defined as conspecific fruiting bodies growing within a radius of 50 cm of one another, because a group of fruiting bodies seldom exceeds this size. Locations of the clumps of fruiting bodies in the study plots and the number of fruiting bodies per clump were recorded.
All adult insects and other arthropods were collected from the clumps of fruiting bodies using an aspirator. Fifteen samples were collected between May and November 2000. The mean number of each arthropod taxon collected per fruiting body was determined for each fungal species by dividing the total number collected by the total number of fruiting bodies sampled. In this study, arthropods were collected from a total of 7374 fruiting bodies (585 clumps) belonging to 97 species of fungi (Appendix 1). Arthropod larvae found on the fruiting bodies were not included in this study since their distribution is largely determined by ovipositing females.
Analysis
Multiple linear regression and model selection
The analysis was made for the orders Coleoptera, Diptera and Collembola, although drosophilids were identified to species and other arthropods to family or order to provide more detailed information on biodiversity. It was difficult to determine whether fungal species on which no insects were observed should be considered as available for insects: they may be either unavailable, or available but not found. The latter is important for our analysis but not the former, and it is difficult to discriminate between them. To resolve this problem, analyses were conducted using two data sets: data set I contained only fungal species from which Coleoptera, Diptera or Collembola were collected, and data set II all fungal species. As a consequence, 62 fungal species were included in the former and 97 in the latter data set (Appendix 1). The following parameters representing characteristics of resource abundance at different spatial scales were determined for each fungal species: the size of the fruiting body, the average number of conspecific fruiting bodies per clump (density of fruiting bodies within a clump), crowding of the clumps of fruiting bodies, and the average number of clumps of all fungal species per plot (clump number). The size of the fruiting bodies was classified according to Imazeki & Hongou (1987 , Imazeki et al. (1988) and Hongou et al. (1994) : 1 (small), 2 (medium) and 3 (large). The degree of crowding of the clumps of fruiting bodies of each species was evaluated by the average nearest neighbor distance (NND) from the focal clump of fruiting bodies to the nearest (conspecific or allospecific) clump of fruiting bodies within a plot. It is desirable to determine NND and clump number in situations where a single species is observed in a plot. However, this did not occur in this study.
To evaluate whether or not the abundance of arthropods (i.e., the mean number of arthropods per fruiting body) on each species of fungus was dependent on the parameters fruiting body size, fruiting body density within a clump, NND and clump number for each species of fungus, multiple linear regression analyses were performed for all possible linear combinations of these parameters (i.e., 15 combinations). The number of arthropods, density of fruiting bodies within a clump, NND and number of clumps were log transformed to normalize the distributions.
Although phylogenetically independent methods of data analysis (Felsenstein, 1985) were preferred, they could not be used because of the lack of phylogenetic information on the fungi.
Model selections
Three criteria -adjusted r 2 , Akaike's Information Criterion (AIC; Akaike, 1978) and Schwarz Bayesian Information Criterion (BIC; Schwarz, 1978) -were calculated for all regression models. The most parsimonious model was selected:
where n is the number of observations, p is the number of predictors included in the model, and SS is the sum of squares. A larger value of adjusted r 2 indicates a better fit.
For both AIC and BIC, smaller values indicate a better, more parsimonious model (Quinn & Keough, 2002) .
Hierarchical partitioning The independent capacities of four predictor variables to explain the variations in insect abundance were determined by hierarchical partitioning (Chevan & Sutherland, 1991) . Hierarchical partitioning splits the total r 2 for each predictor (i.e., the r 2 for the linear relationship between the dependent variable and each predictor) into two additive components: the "independent" contribution (I), which is a partitioning of the r 2 for the full model with all predictors; and the "joint" contribution (J) along with other predictors. The independent contribution for each predictor is calculated by measuring the improvement in the fit of all models with a particular predictor compared to the equivalent model without that predictor, and averaging the improvement in fit across all possible models with that predictor. The joint contribution represents the variation in the dependent variable that is shared between two or more predictors. The joint contribution for each predictor is calculated from the difference between the squared partial correlation for the model relating the dependent variable to that predictor, and the average r 2 , representing the already determined independent contribution of that predictor.
The significance of each independent contribution I was tested using a randomization approach (MacNally, 2002) . The data matrix was randomized 100 times and the distribution of Is for each predictor was computed. If the observed value Iobs was extreme relative to the generated distribution (i.e., Iobs was equal to or less than the fifth smallest generated I), then the predictor was taken as significant (a = 0.05).
RESULTS
Fungi and insects
Collybia confluens, Tylopilus castaneiceps, Mycena pura, Collybia peronata, Rhodophyllus rhodopolius, Trametes versicolor, Trichaptum abietinum and Xeromphalina campanella were the commonly observed fungi at our study site (Appendix 1). A total of 2824 invertebrates belonging to 60 taxa were collected from these fungi (Appendix 2). The dominant orders were Coleoptera (385 individuals), Diptera (379) and Collembola (1648). Of the Coleopteran families the Staphylinidae (68%) and Erotylidae (12%) were dominant, while drosophilids (71%) dominated the Diptera and the Hypogasturidae (83%) the Collembola.
Best regression model
All the selection criteria in both data sets (I and II) selected the same model with one predictor of coleopteran abundance, density of fruiting bodies within a clump (Table 1) . For both data sets this predictor made a positive and significant (P < 0.05) contribution.
For Diptera, adjusted r 2 and AIC with data set I selected a model with three predictors, fruiting body size, density of fruiting bodies within a clump and NND. Fruiting body size and density of fruit body within a clump made a positive and significant (P < 0.05) contribution, whereas NND a negative and marginally non-significant contribution (P = 0.063). BIC with data set I selected a model with one predictor, fruiting body size, which made a positive and significant contribution. In analyses of data set II, adjusted r 2 and AIC selected a model with two predictors, fruiting body size and density of fruiting bodies within a clump, while BIC again selected a model with one predic-tor, fruiting body size. In both models, only fruiting body size made a positive and significant contribution.
For Collembola, all the selection criteria selected the same model in data set I with two predictors, number of clumps and NND. Both predictors made positive and significant (P < 0.05) contributions. In the analysis with data set II, adjusted r 2 and AIC selected a model with three predictors, number of clumps, density of fruiting bodies within a clump and fruiting body size, while BIC selected a model with one predictor, number of clumps in a plot. In both models, only number of clumps had positive and significant (P < 0.05) contribution. The low (r 2 = 0.001-0.324) correlations between the predictors and high values of tolerance for each predictor (Table 1) suggested that multicollinearity was not a problem in this case.
Hierarchical partitioning
Density of fruiting bodies within a clump made the largest independent contribution to the hierarchical partitioning of r 2 for Coleoptera, for both data sets (Fig. 1) .
According to the randomization test, only the density of fruiting bodies within a clump had a significant independent effect for both data sets. For Diptera, fruiting body size made the largest independent contribution (Fig.  1) , and the randomization test showed that the effect of fruiting body size was significant for both data sets. For Collembola, number of clumps showed the largest independent contribution and NND showed the second largest contribution for both data sets (Fig. 1) . The randomization test demonstrated that only the effect of number of clumps was significant for both data sets.
DISCUSSION
Results of multiple linear regression analyses appeared to be only slightly affected by the inclusion or exclusion of fungi not visited by insects.
The significant parameters in multiple linear regressions predicting the abundance of arthropods on each species of fungus varying greatly among the arthropod orders: the density of fruiting bodies within a clump in Coleoptera, the fruiting body size in Diptera, and the Multiple linear regression models selected for Coleoptera, Diptera and Collembola recorded on different species of fungi; dataset I without species of fungi from which no Coleoptera, Diptera or Collembola insect were collected and dataset II included all the species of fungi. Only one model was selected for Collembola and Coleoptera,whereas two models were selected for Diptera using dataset I. Only one model was selected for Coleoptera, whereas two models were selected for Diptera and Collembola using dataset II. See text for details of model selection.
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crowding of the clumps of fruiting bodies and the number of clumps (i.e., the number of clumps of fruiting bodies per plot) in Collembola. Thus, arthropods of different orders respond to resource abundance at different spatial scales.
The density of fruiting bodies within a clump had a significant positive effect on the abundance of Coleoptera on each species of fungus, whereas the fruiting body size did not. Thus, Coleoptera selected fungi with a larger number of fruiting bodies within a clump. This may be related to the characteristics of their larvae. Larvae of the dominant coleopteran taxa, Staphylinidae and Erotylidae, have legs and are able to move between fruiting bodies within a clump, and therefore selection of dense clumps would ensure that the larvae have access to a larger quantity of food.
On the other hand, fruiting body size showed a significant positive contribution to the abundance of Diptera in models selected by all criteria and also by hierarchical partitioning, indicating that they select fungi with larger fruiting bodies. Worthen (1989) also determined the number of flies emerging from fruiting bodies in patches of different fruiting body density. He found no differences in the mean number of drosophilid flies emerging 42 Fig. 1 . Independent contribution of four predictor variables (fruiting body size, density of fruiting bodies within a clump, NND, number of clumps) to the hierarchical partitioning of rfrom single fruiting bodies in high vs. low density patches. This also suggests that resource density within a patch did not affect the abundance of flies per resource unit. The selection of fungi by Diptera may also be related to the larval characteristics as in Coleoptera. Dipterous larvae do not have limbs and are unlikely to move between fruiting bodies even within a clump. Therefore, Diptera may select fungi with large fruiting bodies, rather than large clumps in order to provide their larvae with a large amount of food. Worthen (1989) studied the dispersal of adults of mycophagous Drosophila, the dominant Diptera in this study, and observed that most individuals stayed within 20 m of the release point. A few were recaptured at 28 m or >60 m distant sites. Similar results are presented by Montague (1985) . Adult Diptera move freely and search out high-quality (i.e., larger) fruiting bodies at smaller than the within-plot scale (20-30 m), although they rarely move between plots. There are a number of reports of long distance migrations by Diptera (Coyne et al., 1982; Coyne & Milstead, 1987; Kimura, 1992; Kimura & Beppu, 1993) but the frequency of long distance migration and its importance in habitat selection at larger spatial scales are unknown.
NND (distance to the nearest clump of fruiting bodies) and number of clumps (number of clumps of fruiting bodies per plot) made significant positive contributions to collembolan abundance on each species of fungus. The positive contribution of NND indicates that the abundance of Collembola increases with decreasing crowding of the clumps of fruiting bodies. This may suggest that if clumps of fruiting bodies are very closely located, a collembolan assembly splits into small subassemblies. There are two possible interpretations of the positive contribution of the number of clumps: 1) Collembola move to plots rich in clumps of fruiting bodies from surrounding areas; or 2) Collembola reproduce quickly, thereby increasing in numbers in plots rich in clumps of fruiting bodies. For the first interpretation to hold Collembola need to be highly mobile if they are to locate plots rich in the fruiting bodies. However, if they are highly mobile the contribution of the density of fruiting bodies within a clump and fruiting body size should be positive, as observed in Coleoptera and Diptera. For the second interpretation to hold, the rate of population increase of Collembola should be high enough to enable them to track the increase in the number of clumps. Takeda (2002) reports that most Collembola require one to several months to reach maturity, and are unlikely to reproduce during periods as short as that between emergence and death of a fungal fruiting body. It is possible that the abundance of Collembola was determined by unknown factors (e.g., the amount of underground mycelia), which are correlated with the number of clumps of fruiting bodies.
The chemical properties of fruiting bodies were not investigated but are likely to have a pronounced effect on the abundance of arthropods. In addition, the present analyses were made at the level of arthropod order. An analysis at a lower taxonomic level could give a more detailed picture. Our study does, however, illustrate the importance of the spatial distribution of fungal resources on the abundances of arthropods that visit them. Welldesigned experiments are needed to clarify the combined effects of chemical properties and spatial distribution patterns of fungi on the abundance of arthropods.
*Fungal species on which arthropods were collected 7374 585 Total 287 27 Unknown * Unknown
